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Interestingly, little is known regarding the effect of sex and sex hormones on sympathetic activation during chemoreflex stimulation, despite observations that the incidence of sleep apnea syndrome and hypertension is lower in premenopausal women than in age-matched men (38, 39, 53) . Furthermore, the association between sleep apnea syndrome and hypertension appears to be weaker in women than men (35) . These observations raise the possibility that chemoreflex-induced sympathoexcitation is attenuated in women relative to men. To this end, information regarding the fundamental sex-based patterning of sympathetic responses to chemoreflex activation is needed. Only one previous study has compared MSNA responses to chemoreflex activation between the sexes (18) . This study (18) in young healthy individuals showed that absolute sympathoexcitatory responses to hypoxic breathing were similar between the sexes. However, peak MSNA activation occurred earlier in the hypoxic period in the women than the men, indicating that MSNA responses to chemoreflex stimulation were temporally potentiated in the women. Given the prominent role of the sympathetic nervous system in development of cardiovascular disease (1, 21, 26) , an improved understanding of the extent to which chemoreflex-dependent sympathetic activation is affected by sex could help suggest mechanisms by which sleep apnea syndrome might be associated with sexdependent morbidity.
Within the context of considering factors that may contribute to the development of hypertension, it is important to consider the extent to which neuronal activation is associated with alterations to hemodynamic outcomes. Recent data indicate that neurovascular transduction differs between men and women (12) . That is, while a positive relationship exists between baseline MSNA and total peripheral resistance (TPR) in young men (7) , no such association has been observed in young women (14) . As a result, male-female differences in baseline MSNA are not coupled to differences in baseline TPR (14, 42) . The previous comparison of MSNA responses to hypoxia did not include an indication of concurrent vascular resistance (18) . Moreover, Patel et al. (37) recently demonstrated reduced forearm vasoconstriction in young healthy women during apnea-induced chemoreflex activation compared with young healthy men, but they did not study MSNA. Therefore, it remains unclear whether sex affects the MSNA response to apnea or whether sex differences in MSNA are coupled to hemodynamic outcomes.
Recent investigations into sympathetic regulation in women have indicated that the menstrual cycle exerts an influence over the control of MSNA: generally, a relative sympathoexcitation has been observed during the high-hormone [midluteal (ML)] phase relative to the low-hormone [early-follicular (EF)] phase of the menstrual cycle. This pattern has been observed at baseline (29, 30, 36) and in response to baroreceptor unloading (6, 10) but has not been examined during chemoreflex activation. Recently, our laboratory examined MSNA responses to chemoreflex activation in regular users of hormonal contraceptives and observed that the low-hormone phase of hormonal contraceptive use was associated with a greater sympathoexcitatory response to severe chemoreflex stimulation than the high-hormone phase (49) . When generalized to pertain to changes in endogenous sex hormones that occur across the menstrual cycle, these data suggest that low levels of circulating hormones (i.e., in the EF phase) may be associated with greater chemoreflex-induced increases in MSNA than higher hormone levels (i.e., in the ML phase).
The purpose of this study was to determine whether sympathetic and hemodynamic responses to chemoreflex stimulation differ between young, healthy men and women and between the EF and the ML phase of the menstrual cycle in women. We hypothesized that sympathetic responses to a hypoxic-hypercapnic apnea would be altered by one's sex and the changes in hormone levels that occur across the menstrual cycle. Specifically, the study tested the hypotheses that 1) MSNA responses would be greater in women than men and 2) in women, MSNA responses would be greater in the EF than ML phase of the menstrual cycle. We also examined whether altered MSNA responses with menstrual phase would translate into modified neurovascular outcomes.
METHODS

Participants.
Eighteen healthy nonsmoking subjects [9 women (24 Ϯ 3 yr, 166 Ϯ 6 cm, 64 Ϯ 9 kg) and 9 men (26 Ϯ 2 yr, 179 Ϯ 4 cm, 82 Ϯ 11 kg)] were tested after providing written, informed consent. Participants were physically active, engaging in both endurance and resistance exercise on a regular basis [mean Ϯ SD: 4 Ϯ 2 bouts/wk, 81 Ϯ 43 min/bout (women); 5 Ϯ 2 bouts/wk, 66 Ϯ 25 min/bout (men)]. The majority of the participants were Caucasian (7 of 9 women, 8 of 9 men). All women reported regular menstrual cycles of ϳ28 days, and none had used hormonal contraceptives within the last 6 mo. Test protocols were approved by the Health Sciences Research Ethics Board at the University of Western Ontario and conformed to the standards set by the latest revision of the Declaration of Helsinki.
Experimental design. Women were tested in random order across the EF (days 1-4 after onset of menstruation) and ML (days 20 -24) phases of the menstrual cycle. Men were tested once. Intravenous blood samples were taken to assess circulating sex hormone levels and to confirm the target menstrual cycle phases in the women (Table 1) . Before testing, all participants attended a familiarization session, during which they became accustomed to the experimental protocols and the noninvasive aspects of data acquisition. On test dates, participants arrived at the laboratory having fasted for 3 h and having abstained from caffeine, alcohol, and exercise for 12 h.
End-inspiratory apnea protocol. Participants were supine and breathed through a mouthpiece (series 9060, Hans Rudolph, Kansas City, MO) attached to a three-way valve that opened to room air or to a Y connector (VacuMed, Ventura, CA) leading to two 3-liter rebreathing bags. A noseclip prevented nasal breathing (series 9015, Hans Rudolph), and a pulse oximetry ear clip (Dura-Y D-YSE, Covidien-Nellcor, Boulder, CO) connected to a pulse oximeter (OxiMax N-560, Covidien-Nellcor) was used to monitor blood oxygen saturation. Gases were analyzed online using an infrared carbon dioxide sensor and an optical oxygen detector fed from a damped micro-vacuum sampling pump (ML206 gas analyzer, ADInstruments, Colorado Springs, CO). After 5 min of baseline recording, participants commenced rebreathing, which continued until an end-tidal PO 2 of 65 Torr was achieved. Immediately thereafter, participants commenced a voluntary maximal end-inspiratory apnea. After the apnea, participants took two breaths from the rebreathing bags for quantification of peak hypoxia and hypercapnia.
Measurements. Sympathetic nerve activity was assessed using the microneurographic technique (50) . A tungsten recording electrode (200 m diameter, 35 mm long) with an uninsulated 1-to 5-m tip was inserted transcutaneously into the peroneal nerve, and a reference electrode was inserted subcutaneously 1-3 cm from the recording site. Adequate MSNA recording sites produced pulse-synchronous bursts of activity that increased in frequency during apnea maneuvers and were unaffected by arousal to a loud noise (9) . The MSNA signal was amplified 75,000 times, band-pass-filtered (700 -2,000 Hz), rectified, and integrated (time constant 0.1 s; model 662C-3, Department of Bioengineering, University of Iowa, Iowa City, IA).
Baseline blood pressures were assessed using manual sphygmomanometry. The average of three blood pressure values was used to calibrate beat-to-beat blood pressures obtained through photoplethysmographic methods (Finometer, Finapres Medical Systems, Amsterdam, The Netherlands). Baseline cardiac output (Q ) was calculated from Doppler-derived measures of stroke volume velocity obtained in the ascending aorta using a 2.0-MHz pulsed wave probe (model CFM750, Vingmed). Aortic diameters were obtained from two-dimensional B-mode echo-Doppler images (2.5-MHz probe, Vivid 7 Dimension system, GE Healthcare, Baie d'Urfe, PQ, Canada). Because placement of the rebreathing apparatus prevented measurement of stroke volume velocity, the change in Q during rebreathing and apnea maneuvers was assessed using the Modelflow algorithm in the Finometer. Heart rate (HR) was measured using a standard three-lead electrocardiogram. All data were analyzed offline (PowerLab/16SP with LabChart 7, ADInstruments).
Data analysis. Rebreathing data were averaged across the final period of rebreathing (75-65 Torr end-tidal PO 2). Because endinspiratory apnea is associated with biphasic sympathetic and hemodynamic responses, apnea data were divided into two halves: APN-P1 and APN-P2.
The brachial blood pressure waveform was analyzed to determine mean arterial (MAP), systolic, and diastolic blood pressures. TPR was calculated as MAP/Q . Body surface area was estimated using the Mosteller formula (24, 32) to calculate cardiac index (Q i) and TPR index (TPRi).
Sympathetic outflow was quantified as burst frequency (bursts/min and bursts/100 heartbeats), burst size (amplitude), and total sympa- thetic activity (frequency ϫ amplitude). The amplitude component was quantified because of its importance in distinguishing between conditions that have similar burst frequencies (47) and because burst amplitude is regulated in a manner distinct from burst frequency (22, 27) , which is reflective of axonal recruitment (41, 45) . After raw neurogram voltages were compared between baseline and postapnea periods to ensure that that sympathetic nerve sites had not shifted during the rebreathing or apnea, all bursts were normalized to the largest burst observed at baseline in each recording, which was assigned a value of 100.
To quantify the extent to which the MSNA signal was associated with a change in vascular function between menstrual cycle phases and sexes, neurovascular transduction was calculated as the quotient of TPR i and total MSNA. These comparisons were made at baseline (absolute TPRi/total MSNA) and during APN-P2 (⌬TPRi/⌬total MSNA).
Statistical analyses. Baseline comparisons of sex hormones, hemodynamics, and MSNA between sexes and menstrual cycle phases were assessed using paired (EF vs. ML) and unpaired (men vs. EF and ML) two-tailed t-tests. The effects of menstrual phase on hemodynamic and sympathetic responses to chemoreflex stimulation were analyzed using two-way repeated-measures ANOVAs. The effect of sex was examined using two-way split-plot ANOVAs, which separately compared men with EF and men with ML. In the comparisons of neurovascular transduction, values were compared between groups using two-tailed, Bonferroni-corrected t-tests. Alpha was set at 0.05 for all comparisons.
RESULTS
Baseline MSNA burst frequency, burst incidence, and total MSNA were greater in the ML than the EF phase of the menstrual cycle (Table 1) . Individual patterns of change in baseline MSNA from the EF to the ML phase are presented in Fig. 1 . We observed an increase in baseline MSNA from the EF to the ML phase in the majority of women (Fig. 1A) . Total MSNA and burst frequency were greater in men than in women in the EF phase but similar between men and women in the ML phase. Burst incidence was greater in men than women, regardless of menstrual cycle phase.
Baseline MAP and systolic blood pressure were higher in men than women, regardless of menstrual cycle phase. Conversely, HR was lower in men than women. However, Q and TPR were similar between the sexes, in absolute terms and when normalized to body size. As such, baseline neurovascular transduction was greatest in women in the EF phase of the menstrual cycle (Fig. 2) . Baseline neurovascular transduction was similar between women in the ML phase and men (P ϭ 0.2).
Respiration rates were similar between menstrual cycle phases and between sexes and were not significantly changed from baseline to rebreathing (Fig. 3) . Significant reductions in end-tidal PO 2 and elevations in end-tidal PCO 2 were elicited by rebreathing and apnea (P Ͻ 0.001). End-tidal PO 2 fell to similar levels in men and in women during the EF and ML phases, while end-tidal PCO 2 levels were slightly, yet significantly, lower in the ML than EF phase and in men (Fig. 3 ). Apneas were maintained for similar durations in the EF (22 Ϯ 4) and ML (22 Ϯ 5) phases and in men (26 Ϯ 4 s; all comparisons not significant).
In one female participant, the rebreathing and apnea periods were associated with activation of motor units, which obscured the MSNA signal. Thus this participant was not included in the analyses of sympathetic responses to chemoreflex stimulation. Progressive increases in total MSNA occurred between rebreathing, APN-P1, and APN-P2 through elevations in MSNA burst frequency and amplitude (Fig. 4) . The relative increases in total MSNA and burst frequency were greater in women in the EF phase than both the ML phase and men. Absolute levels of total MSNA achieved during APN-P2 were also greater during the EF than ML phase, a pattern that was observed in most women (Fig. 1C) . Relative increases in MSNA burst amplitude were greater during the EF than ML phase, and a statistical interaction between chemoreflex condition and menstrual cycle phase (P ϭ 0.05) indicated that burst amplitude was greater in the EF than ML phase specifically during rebreathing (P ϭ 0.01) and APN-P2 (P ϭ 0.02; Fig. 4) . No significant differences in burst amplitude were observed between the sexes.
Because of the significant reduction in end-tidal PCO 2 in women in the ML phase of the menstrual cycle relative to the EF phase and relative to men, a post hoc subanalysis was conducted in which all sympathetic responses were expressed relative to end-tidal PCO 2 . However, no statistical outcomes were affected by this analysis, indicating that end-tidal PCO 2 was not the primary driver of differences in sympathetic responses between the sexes or between menstrual cycle phases.
Relative changes in hemodynamic outcomes during chemoreflex stimulation are presented in Fig. 5 . In all participants, chemoreflex activation was associated with graded increases in TPR i and MAP, but not HR or Q i . None of the hemodynamic outcomes differed between menstrual cycle phases or between the sexes. Nevertheless, relative neurovascular transduction, as assessed during peak chemoreflex stress (i.e., APN-P2), was not significantly different between menstrual cycle phases (P ϭ 0.1) or between men and women in the EF (P ϭ 0.06) or ML (P ϭ 0.09) phase (Fig. 2) .
DISCUSSION
This study aimed to establish the impact of sex and sex hormone levels on sympathetic responses to acute chemoreflex activation. When compared with those of women in the EF phase of the menstrual cycle, baseline MSNA burst frequency and total MSNA (but not burst incidence) were greater in men and also in women during the ML phase of the menstrual cycle. During chemoreflex activation, reflex increases in MSNA were larger in women in the EF than ML phase (all MSNA characteristics). The reflex increases in MSNA burst frequency and total MSNA in women in the EF phase were also greater than those observed in men. However, baseline and chemoreflexdriven hemodynamic outcomes were similar across menstrual cycle phases and between the sexes, suggesting a relative lack of neurovascular transduction during elevated MSNA in the women. Together, these data support a direct effect of sex hormones on baseline MSNA and on sympathetic reflex responses to chemoreflex stimulation. These data also confirm previous findings (14) that neurovascular transduction appears to be damped in women compared with men.
The first direct comparisons of MSNA between men and women demonstrated greater resting MSNA burst frequency in men than women (34) . Several subsequent studies reproduced this finding (14, 19, 20, 28, 34, 42, 52) , albeit inconsistently (10, 11, 18, 23, 33) . This inconsistency may be attributable to menstrual cycle phase effects on MSNA, as only a few previous sex-based studies have accounted for menstrual cycle phase in the female participants (14, 23, 52 ). The consideration of menstrual cycle phase has been deemed important following reports of elevations in baseline MSNA during the ML relative to the EF phase of the menstrual cycle (4, 29, 30, 36) . While it should be noted that associations between menstrual cycle phase and baseline MSNA have not been observed universally (5, 6, 10, 17, 20) , collectively the data indicate that the menstrual cycle, and specifically the changes in sex hormone levels that occur along the menstrual cycle (4), are associated with changes in the regulation of baseline MSNA. In the present group of participants, the net result of these effects was the exaggeration of baseline MSNA burst frequency and total MSNA in men relative to women in the EF, but not the ML, phase of the menstrual cycle. Additionally, our data suggest that the menstrual cycle effect on baseline MSNA is manifest in the burst frequency, but not the burst amplitude, component of MSNA. Fig. 2 . Neurovascular transduction. Total peripheral resistance index (TPRi) normalized to total MSNA at baseline was higher in women in the EF than ML phase of the menstrual cycle and men (*P Ͻ 0.05 vs. EF). During chemoreflex activation, relative neurovascular transduction tended to be higher in men than in women in the EF (P ϭ 0.06) and ML (P ϭ 0.09) phases of the menstrual cycle, although the difference was not statistically significant. Values are means Ϯ SD. BSL, baseline. In the present study we also compared sex and menstrual cycle effects on MSNA regulation during a potent chemoreflex stimulus. In coupling the sympathoexcitatory effect of combined hypoxia-hypercapnia (31) with the elimination of the sympathoinhibitory effect of the thoracic afferent nerves through the use of apnea (43, 44) , the stimulus was designed to elicit a strong sympathoexcitatory response. During chemoreflex activation, increases in total MSNA and MSNA burst frequency were greatest in women, particularly during the EF phase of the menstrual cycle. As such, these data support the findings of Jones et al. (18) , who reported an amplified hypoxiadriven total MSNA response in women relative to men. However, Jones et al. did not systematically study the effect of menstrual cycle on sympathetic responses to chemoreflex stimulation. Our current observations suggest that chemoreflex responses are not regulated equally across the menstrual cycle. To the best of our knowledge, ours is the first study to examine sympathetic responses to chemoreflex stimulation across the menstrual cycle. However, in a similar study of chemoreflex activation in regular users of hormonal contraceptives (49), we found a greater total MSNA response to hypoxic-hypercapnic apnea associated with the low-than the high-hormone phase of hormonal contraceptive use. The similarity between the patterns of sympathetic activation across phases of hormonal contraceptive use (49) and the phases of the menstrual cycle implies that the changes in endogenous hormones that occur across the menstrual cycle exert an influence over the regulation of MSNA during chemoreflex activation similar to the changes in the exogenous hormones contained within the hormonal contraceptives.
A potential discrepancy in these data appears to exist wherein the high-hormone phase of the menstrual cycle produced higher baseline MSNA but smaller reflex chemoreflex sympathetic activation. While such changes may be due to a ceiling effect whereby higher baseline activity limits the reflexive increase in MSNA, differences in the pattern of increase deserve consideration. Specifically, the menstrual cyclebased difference in baseline MSNA was due to a change in the burst frequency component of MSNA. In contrast, the difference in MSNA during chemoreflex activation was due largely to changes in the burst amplitude component of MSNA. Within the context of the hypothesis that baroreceptor feedback gates MSNA burst frequency, rather than burst size (22, 25) , the current data might indicate how sex hormones affect the central regulation of sympathetic outflow. Specifically, the data suggest that an elevated sex hormone milieu augments burst frequency and inhibits burst amplitude. Therefore, it may be that large reflexive increases in burst amplitude are achieved only in low-hormone phases. Stated differently, the absolute levels of sympathetic outflow in women at baseline and the reflexive increases in MSNA during chemoreflex activation are dependent on the phase of the menstrual cycle within which the measurements are obtained. These findings replicate our earlier observation that regulation of the burst amplitude component of MSNA varied across hormone phases in women taking hormonal contraceptives (49) . In that earlier study, the low-hormone EF phase of the menstrual cycle was associated with a larger increase in MSNA burst amplitude during APN-P2. In combination, these data support the hypothesis of independent control of the frequency and strength (i.e., burst amplitude) components of MSNA through central integration sites (25) .
A caveat to the data presented here is that the differences in sympathetic activation patterns between men and women and between menstrual cycle phases were not coupled with similar Fig. 4 . Relative sympathoexcitation during chemoreflex stimulation. Total MSNA and burst frequency were increased to the greatest extent in women in the EF phase. Increase in burst amplitude was greater in the EF than ML phase but was not different between sexes. In women, a statistical interaction between menstrual cycle phase and chemoreflex condition was observed in the burst amplitude response: *P Ͻ 0.05, EF vs. ML. Values are means Ϯ SD. APN-P1, 1st half of apnea. changes in peripheral resistance or MAP. A lack of congruity between MSNA and peripheral resistance has been reported previously in young women (14) . It has been suggested that this occurs through buffering of the sympathetic signal through the activation of vasodilatory ␤-adrenoreceptors (13) . Also, vascular production of nitric oxide is increased by elevations in circulating estradiol (46) , which could act to increase vasodilation and, thereby, limit MSNA-induced vasoconstriction during the ML phase of the menstrual cycle. Although we did not measure these vascular factors in the present study, these mechanisms might contribute to a buffering of sympathetic activity at baseline, accounting for the lack of difference in TPR between the EF and the ML phase. However, we also observed similar levels of TPR during chemoreflex activation in men and in women across both menstrual cycle phases in the face of a greater sympathoexcitatory response during the EF phase. In the EF phase, circulating estradiol levels are low and, as such, cannot account for the lack of transduction of sympathetic nerve activity into TPR and MAP in this phase of the menstrual cycle. Further research is required to determine the mechanism by which neurovascular transduction may be damped in the EF relative to the ML phase, although these results do indicate that elevated concentrations of circulating estradiol are not necessary for this effect.
Limitations. Menstrual cycle phases were selected on the basis of the desire to test the nadir of circulating sex hormone levels (i.e., in the EF phase) against a prolonged increase in circulating 17␤-estradiol and progesterone (i.e., in the ML phase). In light of data that indicate a sympathoexcitatory role for progesterone and a sympathoinhibitory role for 17␤-estradiol (4, 8) , different experimental approaches may help differentiate between the independent effects of these hormones on MSNA responses to chemoreflex activation. Such approaches could include consideration of the late-follicular phase, which is associated with elevated 17␤-estradiol but low progesterone, or the use of gonadotropin-releasing hormone antagonist (2, 8) .
Implications. These data, collected in young, healthy men and women, may provide new insight into the mechanisms at work in the clinical population of individuals with sleep apnea syndrome. This condition is more prevalent in men than women (38, 39, 53) and may be more strongly associated with hypertension in men than women (35) . Indeed, the increases in end-tidal PCO 2 elicited by the acute chemoreflex stimulus utilized in this study approximate the hypercapnic stress of a single sleep apnea episode (48) . Therefore, the reflex increases in MSNA observed in the current study may also replicate those that occur in a single bout of sleep apnea. However, sleep apnea syndrome is a chronic condition associated with several apneic events each night, qualities that are likely to alter the profile of sympathetic and hemodynamic responses to apnea over time. In the context of our present findings, however, it may be that the blunting of neurovascular transduction in women during states of relative sympathoexcitation may contribute to a reduced incidence of hypertension following the development of sleep apnea syndrome relative to men. Furthermore, our finding of a sex hormone effect on the sympathetic responses to chemoreflex activation has implications for postmenopausal women, in whom sleep apnea syndrome appears to be far more prevalent than in premenopausal women (38) . Subsequently, the transduction of chemoreflex-induced sympathoexcitation would be expected to increase in postmenopausal women, as has been previously observed under baseline conditions (13) , predisposing postmenopausal women with sleep apnea syndrome to hypertension. Therefore, the current data provide the rationale to study sympathetic responses to a similar acute chemoreflex stimulus in adults with sleep apnea syndrome, including pre-and postmenopausal women, to determine the extent to which MSNA responses are altered in these groups.
Summary. The goal of this investigation was to assess sympathetic responses to acute chemoreflex stimulation in young, healthy men and women. Consistent with previous research (18) , increases in MSNA were greater in women than men, although this was observed only in the EF phase of the menstrual cycle in women. The change in sex hormones that occurs across the menstrual cycle was associated with a change in sympathetic responsiveness to acute chemoreflex activation. Specifically, the low-hormone EF phase was associated with a greater sympathoexcitation than the ML phase. Importantly, we did not observe a transduction of these effects into significant differences in hemodynamic outcomes between sexes or menstrual cycle phases.
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